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SUMMARY

Thus study has investigated using seismic data to characterize underwater explosions and
discriminate underwater blasts from earthquakes. Seismic recordings of underwater blasts
can be used to characterize the source itself, based on identification of bubble pulses, and
the in-situ water depths from mode-converted acoustic signals reflecting in the vicinity of
the source. Thus, regional phases from underwater events, such as Pn, Sn, and Lg, may
provide more information about the source and in-situ source characteristics than later
arriving T phases, usually recorded hydroacoustically, since the latter signals may be
strongly distorted by heterogeneities in the water-column propagation path. Bubble pulses
and near-source water-column reflections cause time-independent scalloping of the spec-

tra of regional phases that can be analyzed to infer depth and yield of the explosion.

An Inversion algorithm has been prototyped in Matlab®© to characterize the regional-
phase cepstra from underwater explosions recorded at seismic stations. The algorithm
matches synthetic against observed cepstrums for suspected underwater blasts. The ob-
served cepstrums are computed for regional phases (e.g., Pn, Pg, Sn, and Lg) by taking
the logarithm of the trend-corrected spectrums for each phase, stacked across an regional
array if array data is available, and then taking the inverse Fourier transform of log ampli-
tude spectrum. The resuit is the so-called signed cepstrum. Each of the individual phase
cepstrums is then stacked to produce a composite cepstrum for the event. The signed cep-
strums for regional phases from underwater explosions have negative peaks caused by the
reflections of the acoustic wave from the surface and positive peaks from the bubble
pulse. Undersea earthquakes may only have the negative water-column reflection peaks or
no peaks at all. Cepstrums of the background noise before Pn are also computed in order
to check if the peaks are caused by noise or processing artifact. Synthetic cepstrums are
computed for assumed minimum-phase wavelets for an explosion of specified yield and
depth in the water, which can be constrained by known bathymetry. The depth and yield
of the underwater blast are determined by finding a synthetic cepstrum that most closely

matches the observed cepstrum. The best matching synthetic cepstrum is the one with the

1



highest match, either by cross correlation coefficient, L1 Norm, or L2 Norm, with the ob-
served cepstrum. The best matching cepstrum can be found by either exhaustive and op-
timal search algorithms, including the downhill simplex method. This algorithm can iden-
tify undersea events as either blast or earthquake based on the degree of correlation be-

tween a best fitting underwater explosion model cepstrum and the observed cepstrum.

The algorithm has been tested on offshore events that are suspected to be underwater
chemical blasts. Offshore events have been collected by a survey of the Reviewed Event
Bulletins (REB) of the Prototype National Data Center (PIDC). The main focus initially
was on events around Scandinavia, in the Norwegian, North, and Baltic Seas, and the
Gulf of Bothnia, recorded at one or more of the Scandinavian arrays. In this report, we
test the cepstral inversion algorithm on the calibrated Dead Sea explosion data, and apply
the algorithm to events in the Barents Sea, a Russian underwater blast near Murmansk
and an event that coincided with the Kursk submarine disaster. The three calibrated Dead
Sea explosions had actual yields of 500, 2000 and 5000 kg. Our inversion program picked
estimated yields of 600, 1500, and 3100 kg, respectively. For the Kursk event, we deter-
mined that the second large event was an underwater explosion. Our inversion program
picked a model that has a yield of 4300 kg, or about 4.73 tons, and a depth of 90 m. This

supports news reports of a very large explosions being related to the Kursk submarine

tragedy.

Although the cepstral-matching algorithm seems to work well in characterizing underwa-
ter blasts, there have been a couple of observations that have been difficult to explain.
First, our estimated yields from bubble pulses to not correlate strongly with the local
magnitude estimates for blasts in different regions. We noted some correlation for sevcral
events in about the same location. The lack of correlation with extreme values of yield
might be due to confusion in identifying the true first bubble pulse. Second, the models
that fit the observed cepstra the best must have very small surface reflection coefficients,
which are on the order of —0.2 to —0.4, much less than the expected value of —1. This re-

sult may be due to poor resolution of the peaks at low quefrency.
However, we have found that the method overall is robust and provides a means for char-
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acterizing and screening underwater explosions. A uses manual for the algorithm and user

interfaces, prototyped in Matlab®©, is included in the Appendix.
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CONVERSION TABLE

Conversion Factors for U.S. Customary to metric (SI) units of measurement.
MULTIPLY —» BY > TO GET
TO GET < BY < DLVIDE

angstrom 1.000 000 x E -10 neters (m)

atmosphere (normal) 1.013 25 x E +2 kilo pascal (kpa)

bar 1.000 000 x E +2 kilo pascal (kPa)

barn 1.000 000 x E -28 meter® (nt)

British thermal unit (thermochemical) 1.054 350 x E 43 joule (J)

calorie (thermochemical) 4.184 000 Jjoule (J)

cal (thermochemical/cn?) 4.184 000 x E -2 mega joule/nt (MJ/n?)

curie 3.700 000 x E +1 *giga bacquerel (GBq)

degree (angle) 1.745 329 x E -2 radian (rad)

degree Fahrerheit te = (£ + 459.67)/1.8 | degree kelvin (K)

electron volt 1.602 19 x E -19 joule (J)

erg 1.000 000 x E -7 joule (J)

erg/second 1.000 000 x E -7 watt (W)

foot 3.048 000 x E -1 meter (m)

foot-pound-force 1.355 818 joule (J)

gallon (U.S. liquid) 3.785 412 X E -3 meter® (mr)

inch 2.540 000 x E -2 meter (m)

Jjerk 1.000 000 x E +9 joule (J)

joule/kilogram (J/kg) radiation dose
absorbed 1.000 000 Gray (Gy)

kilotons 4.183 terajoules

kip (1000 1bf) 4.448 222 X E +3 newton (N)

kip/inch?® (ksi) 6.894 757 X E +3 kilo pascal (kPa)

ktap 1.000 000 x E +2 newton-second/m? (N-s/me)

micron 1.000 000 x E -6 meter (m)

mil 2.540 000 x E -5 meter (m)

mile (international) 1.609 344 x E +3 meter (m)

ounce 2.834 952 X E -2 kilogram (kg)

pound-force (lbs avoirdupois) 4.448 222 newton (N)

pound-force inch 1.129 848 x E -1 newton-meter (N-m)

pound-force/inch 1.751 268 x E +2 newton/meter (N/m)

pound-force/foot? 4.788 026 x E -2 kilo pascal (kPa)

pound-force/inch? (psi) 6.894 757 kilo pascal (kPa)
pound-mass (lbm avoirdupois) 4.535 924 x E -1 kilogram (kg)
pound-mass-foot? (moment of inertia) 4.214 011 x E -2 kilogram-meter® (kg-m?)
pound-mass/ foot? 1.601 846 X E +1 ki logram-meter® (kg/m')
rad (radiation dose absorbed) 1.000 000 x E -2 **Gray (Gy)

roentgen 2.579 760 x E -4 coulomb/kilogram (C/kg)

shake 1.000 000 x E -8 second (s)

slug 1.459 390 x E +1 kilogram (kg)

torr (mm Hg, 0° C) 1.333 22 x E -1 kilo pascal (kPa)

L

*The bacquerel
**The Gray (GY)

(Bqg)

is the SI unit of radicactivity;
is the SI unit of absorbed radiation.

1 Bg = 1 event/s.
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SECTION 1
INTRODUCTION

The problem of the identification of underwater blasts has gained increased interest re-
cently in the context of the monitoring of the Comprehensive Nuclear Test-Ban Treaty
(CTBT), which was opened for signature by the United Nations on 24 September 1996.
Annex 1 to the Protocol of the CTBT calls for the installation of an International Moni-
toring System (IMS) including six hydroacoustic stations and five so-called “T-phase”
stations. T-phase stations are seismic sensors located near the coast that can detect hy-
droacoustic phases converted to seismic phases at the coast. Thus, only 11 stations will be
available specifically for monitoring underwater events. If an explosion occurs in the
ocean, but near the coast outside of the SOFAR channel, long-range propagation of hy-
droacoustic signals may be blocked, and there is a possibility that the events may not be
easily detected by the IMS hydroacoustic and T-phase assets directed toward the under-
water explosions. Because of the relatively larger number of seismic stations, 170 primary
plus auxiliary stations, called for in the CTBT Protocol for the IMS, near-coast seismic
stations may have a better chance of detecting and characterizing underwater events on
the continental slopes, outside of the SOFAR channel, or in confined seas. Moreover,
early-arriving seismic signals, such as Pn, Pg, Sn, and Lg, produced by mode conversion
of acoustic waves in the water in the vicinity of the source, may carry more useful infor-
mation about in-situ source conditions than later arriving T phases that may be affected

by propagation path effects in the oceanic water column.

Recent studies of underwater acoustics data for CTBT monitoring have focused primarily
on analysis of T phase signals from underwater events. T phases from undersea earth-
quakes are usually the largest signals recorded on hydrophones (e.g., deGroot-Hedlin and
Orcutt, 1997). Gitterman et al (1994) have analyzed seismic recordings of explosions in
the Dead Sea, and describe a low-frequency spectral analysis method (LFSM) for dis-
crimination of underwater explosions from earthquakes. Laney et al, 1999 have used cep-
stral and cross correlation analysis to characterize bubble pulse signals from calibration

explosions recorded at hydrophone sensors. Calculations of first bubble pulse period at



the PIDC, using cross correlation and cepstral analysis, have agreed with theoretical val-
ues from Urick (1983) for some calibration explosions (Ronan Le Bras, personal commu-

nication).

Baumgardt and Der (1998) and Baumgardt (1999) published an extensive study of nu-
merous examples of underwater explosions recorded at seismic stations and how they can
be characterized by spectral and cepstral analysis. A simple model for underwater explo-
sions was developed and synthetic cepstra were produced that reproduced most of the es-
sential features of observed underwater explosion cepstra. The main features were bubble
pulses, which produce positive cepstral peaks, and the surface reflections that produce
strong negative cepstral peaks. The timing and relative amplitudes of these cepstral peaks

provide useful constraints on the depth and yield of underwater explosions.

In the study described in this report, we have extended our original work in Baumgardt
and Der (1998) to directly match model cepstra to observed cepstra with the intent of
identifying and characterizing underwater explosions. Our method of “cepstral inver-
sion” involves both exhaustive and optimal search algorithms that find models that fit the
observed cepstra by maximizing a fit parameter between the observed and theoretical
cepstra. In essence, modeling cepstra involves modeling the correlation structure of the

different pulses produced in the water by underwater explosions.

This report describes the method of using cepstral analysis to characterize spectral modu-
lations of underwater explosions, and examples of its application to a presumed underwa-
ter explosion off the coast of Norway near Tromso, the Dead Sea calibration explosions, a
Russian underwater explosion near Murmansk, and the recent Kursk Submarine event in
the Barents Sea. The theory for modeling cepstrums for underwater explosions, originally
described by Baumgardt and Der (1998), and our method fitting a best-fitting model to
observed cepstra, first described by Baumgardt (1999), will be reviewed. The last section

will include summary and conclusions.



SECTION 2
UNDERWATER EXPLOSION MODELING APPROACH

The most striking feature of the observations of underwater explosions is the occurrence
of strong modulations or scalloping in the spectra of each regional phase that produces
sharp cepstral peaks. Similar features have been observed in hydroacoustic data from un-
derwater explosions caused by the complex interference of bubble pulses and water-
column bounces. In this section, we present a model and synthetic cepstra that explain the
seismic observations, and estimate approximate ranges of sizes and water depths of the

charges that could have produced the observed cepstra.

An underwater explosion produces the seismic signals by the conversion at the water-
bottom interface of the acoustic waves in the water into each of the regional seismic
phases that propagate through the earth to the stations. The strength of this conversion
depends on the transfer function at the water bottom, and this function will affect the rela-
tive strengths of the different regional phases, Pn, Pg, Sn, and Lg, which in turn, controls
the size of the P/S amplitude ratios. However, the spectral characteristics that are com-
mon to each of the phases are controlled strictly by the explosion source function in the
water and should be insensitive to the water-bottom transfer function and the propaga-
tion-path effects of the earth. In this study, we only model the spectral and cepstral char-

acteristics of the source function, not the actual relative excitation of the regional phases.

2.1 UNDERWATER EXPLOSION MODEL.

The water column time-domain source function, W(t), which should be common to all

phases, can be written as follows:
W(t)=X(t)*S()+*R(t) (2.1)

X{(¢) is the primary and bubble-pulse source function, S(2) is the surface-reflection transfer
function, and R(2) is the water column reverberation transfer function, and * represents

the convolution function. We discuss each of these terms below.



2.1.1 Bubble Pulse

As mentioned above, strong modulations observed in the spectra and the sharp consistent

peaks in the cepstra of these events appear to result from the interference of the primary

shock and bubble pulses in the water. The concept of the bubble pulse is illustrated in

Figure 1.
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Figure 1. IMNustration of a rising bubble pulse from an underwater explosion.

The dynamics of bubble pulses, or "cavitation," have been studied extensively in hy-

droacoustics since World War II. As illustrated in, after the initial shock front is produced

by the explosion, there follow a series of positive pressure pulses generated by the ex-

panding and contracting gas sphere that rises to the surface. The amplitude of the pulses

decays steadily as the energy in the expanding gas spheres dissipates and as the bubble



rises to the surface. Accordingly, we model the primary pressure and bubble function

term as follows:

X(1)=P(t) + it - 7)) + y2b(t - %) 2.2)

P(t) represents the primary pressure pulse time function in the water, b(2) is the bubble
pulse source function, 7; and 7, are the first and second bubble pulse delay times. The
time delay between the explosion pressure pulse and the first bubble pulse has been de-

rived from theory (Willis, 1941) and verified by a number of studies (Cole, 1948) to be of

the form

le/3
o —p—

L (a+10)5/6 23)

where K is a proportionality constant that depends on the type of explosive, w is the
charge size in kilograms, and d is the depth of the explosions in meters. For TNT, X is
equal to 2.11. ! For the second bubble pulse, if present, we assumed 7,=« 7;, where «is a
multiplicative factor on the order of 1.8 to 2.0. These bubble pulses can continue until the
bubble rises and breaks the surface. For our models, we allowed only one or two bubble
pulses. The multiplicative amplitude factor ¥ in (2.2) was set to 0.4, which was required

to produce the spectral modulations we have observed.

Figure 2 shows a nomogram of water pressure and bubble pulse frequencies as a function
of depth and yield. This is the pressure nomogram currently being used by Air Force
Technical Applications Center (AFTAC) to estimate hydroacoustic pressure levels and

bubble pulse frequencies, and in turn, the yields and depths of underwater explosions re-

' Note that in the original paper of Baumgardt and Der (1998), K was erroneously stated to be equal to 1.1,
a typographical error. However, the actual calculations in the paper were make with the correct value.



corded on a hydroacoustic sensor at a distance of 35°. For our study, we are more inter-
ested in the bubble-pulse frequency since pressure levels are irrelevant to the analysis of
seismic data. Bubble-pulse frequency, which is the inverse of 7; given in (2.1), is plotted
as dashed lines. The curves indicate that bubble pulse frequency increases as a function of
increasing depth and decreasing yield. Note that, for continental-shelf water depths of
about 100 to 1000 ft, and yields between 1 and 100 tons, the bubble-pulse frequencies are
in the range of 0.5 to § Hz, well within the short-period 20 Hz nyquist seismic bandwidth

of the data collection systems of stations in the IMS.
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Figure 2. Pressure and bubble-pulse frequency nomogram. Solid lines are contours
of signal strength at a distance of 35° in units of dB relative to 1 mPa.
Dashed lines are contours of the bubble pulse frequency in Hz.

The pressure function can be expressed as a step function multiplied by a decaying expo-

nential, as follows:



P(1) = H(t)exp(-ar),
H(®)=1fort>0 (2.4)
H(t)=0fort <0.

The bubble pulse term is represented as a double-sided exponential, as follows:

bl. )= exp(—ﬂ}t—ri

) 2.5)

for the i’th bubble pulse with delay time 7,. The exponential time constants in (2.4) and

(2.5), are =100 and /= 50.

2.1.2 Water Column Bounces

As mentioned above, an underwater explosion produces a primary pulse and one or more
bubble pulses resulting in a multiple pulse wavelet that passes into the water column.
This wavelet may then reflect off the free water-air interface and pass back down into the

water column, as 1llustrated schematically in Figure 3.
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Figure 3. (a) Illustration of acoustic to seismic conversion in the water column. (b)
Time domain pulses expected from underwater explosion and reflection
from the free surface. (¢) Cepstrum of direct and reflected pulses. Cep-
strum has negative peak at quefrency of the two-way reflection time in
water column.

For explosions near the continental slope, there may only be one reflection because the
laterally heterogeneous bathymetry may cause the bottom reflections to be scattered and
subsequent reflections not observed. The spectra for near coastal underwater events, stud-
led by Baumgardt and Der (1998), seemed to be more consistent with just a single reflec-
tion. More examples will be shown later in this report. However, the model described in

this section will include other reflections as well.

In the Baumgardt and Der (1994) model in (2.1), water column reflections were repre-
sented as the transfer function of the water column reflections convolved with the first

surface reflection. The expression for the first surface reflection, S(z), is




S(y=06(1)+ rﬁ(:—ﬁ], (2.6)
c

where d is the depth of the water column, ¢ is the speed of sound in water, which is 1480
m/sec on average for most oceanic regions, r; is the surface reflection coefficient, and d'is

the kronecker delta. The transfer function, R(?), for the successive water-column reflec-

tions is given by

M
R(t)= Z(rgry)" 5[:-—@} @2.7)
n=0 <

where M is the number of reverberations in the water column and r, 1s the water-bottom

reflection coefficient. We typically model up to M =5 reverberations in the water column

after the first surface reflection.

Generally, the value of the bottom reflection coefficient, r,, depends upon the water bot-
tom geology. Baumgardt and Der (1998) found that values of 0.2 and 0.3 fit most of he
explosions that occurred in the Baltic and North Seas. The surface reflection coefficient,
rs, physically should be about —0.9. However, as we will show later in the report, we have

sometimes had to assumed lower values to fit observed cepstra.

2.1.3 Synthetic Cepstra

Cepstral analysis has proven to be a very effective method for characterizing multiple
pulse wavelets, like the ones produced by this model of underwater explosions. We adopt
the definition of the “real cepstrum”, or the rceps function from Matlab “ Signal Process-

ing Toolbox represented as follows:
RCEPS{x(t)} = IFFT {log,, ABS[FFT(x()]} (2.8)

Where FFT and IFFT refer to Fast Fourier Transform and Inverse Fast Fourier transform,
respectively. Taking the log)o of the spectrum prior to taking the next Fourier transform

effectively whitens the spectrum. Thus, the cepstrum is just a whitened autocorrelation



function and the peaks that appear in the cepstrum are correlation peaks.

In effect, the model described above represents the correlation structure of the waveform
produced by the source. As shown in Figure 3, it provides direct insight into the charac-
teristics of the source itself with no need for more complex modeling of laterally hetero-
geneous earth structure. It is not really necessary when modeling cepstra to include the
effects due to source coupling and propagation path because only the correlation of pulses
1s modeled, not the pulses themselves. The primary argument of this study is that it is
much easier and more feasible to model cepstra than waveforms or spectra since the cor-
relation structure is easier to model than the waveforms themselves. The proof of this is

whether or not we can adequately match synthetic cepstra to observed cepstra.

Also, note that the model in expressions (2.1), (2.2), (2.6) and (2.7) will produce cepstra
consisting of both positive and negative peaks, assuming that the primary and secondary
pulses from the explosion pressure waves, bubble pulses, and water column reflections,
are correlated. If the two pulses are both the same polarity, as they are in the case of the
primary pulse and the bubble pulse, the result in the cepstrum will be a single positive
correlation pulse. However, if there is a free surface reflection, the primary and reflection
pulse will have opposite polarity, as illustrated in Figure 3(b). Thus, the cepstrum, given
1n, will have a negative correlation peak. The composite cepstrum will consist of both
positive and negative peaks, and by matching the polarities of these peaks, we can sepa-

rate the pulses produced by bubble pulses from those produced by the surface reflection.

2.2 APPLICATION TO NOVEMBER 17, 1998 EVENT NEAR TROMSO,
NORWAY.

Baumgardt and Der (1998) showed a number of examples of cepstra with both positive
and negative peaks, presumably produced by bubble pulses and surface reflections, re-
spectively. In our Annual Report (Baumgardt, 1999), we described methods for matching
synthetic cepstra to actual data cepstra, demonstrated on presumed explosions in the Gulf
of Bothnia and in the Baltic Sea. Here, we summarize the application of the technique to

a presumed underwater event that occurred on November 17, 1998 near Tromso, Norway.
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2.2.1 Source and Waveform Characteristics

The event occurred off the coast of Norway that appeared in the Reviewed Event Bulletin

(REB) for the PIDC with the following event parameters:

EVENT 20230910

Date Time Latitude  Longitude Depth Ndef Magl # of Stations
1998/11/25 11:34:29.5  69.0645 16.4273  0.0f 12 ML35 4

This event was not large enough to be retained by the REB at the time, and so the data
was not available through the PIDC. Data was requested for the event from NORSAR for
the four regional arrays that recorded the event. The map of the propagation paths from

the event to the arrays and a record section of the data are shown in Figure 4.

e e e e e =i
67N % g -
65N " |
61N | _‘..,-‘f"‘.j | A } A i
sN-L L*_+_____I_‘ i - IS A

0 WE  AE  3E 4¢E o

Figure 4. (Left) Map showing propagation paths from the primary stations re-
cording the November 25, 1998 event. The station symbols are ARCES
(ARAO0), FINES (FIC1), Hagfors (HFSA1), and Kevo (KEV). (Right) Re-
cord section of array waveforms obtained from NORSAR for the event.

The regional phases recorded from the event are indicated on the record section on the
right. Regional phases Pr, Sn, and Lg were observed across the 4 stations ARCES
(ARAD), Kevo (KEV), FINES (FIC1), and Hagfors (HFSA1). The best signal-to-noise
ratios were recorded at the ARCES array (ARAO) and KEV.

We relocated the event using the travel times for the regional phase picks made on the

waveforms shown in The travel time models, IASPEI91 (Kennett, 1991) and the Baltic
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Shield model of Bondar and Ryaboy (1997) were used to relocate the event. The picks in
Figure 4 (right) are close to the ones in the REB except that the NORSAR picks were not
included. We were not able to see large enough signals at NORSAR to make picks on
individual channels although the REB did include picks for NORSAR. It is possible that
the REB picks were made by the PIDC analysis on beams, which would enhance phases

not clearly visible on individual traces.

Table 1 shows the results of the relocation. The best location, using the Baltic Shield
model and our phase picks, is shown in Figure 5. IASPEIO1 refers to the global travel
time curves (Kennett, 1991) that have been used for routine location in the PIDC. Im-
proved regional travel time curves for this region have been developed by Bondar and
Ryaboy (1997), which is referred to as the Baltic Travel time curves. The term “local net-

work” refers to the phase picks in Figure 4 (b) and “IMS network™ refers to the picks in
the REB.

Table 1. Location Estimates for the November 25, 1998 Presumed Explosion Near
Tromso, Norway.

IMS IASPEI91 68.940 16.583 2.005 L27
‘ Local [ASPEISI1 68.935 16.710 3679 0.87
v IMS Baltic 69.052 16.434 685 127
Local Baltic 3 69.083 16.465 1187 0.96

This location places the event in amongst several groups of islands off the coast of Nor-
way and the confidence ellipse covers mostly water-covered areas. However, the ellipse

clearly overlaps numerous offshore islands although it does not overlap the mainland. So,

12



refined location analysis in this case cannot definitively determine if the event is on land

or underwater.
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Figure S. Epicenter and confidence ellipse of the relocated Tromso event of Novem-
ber 28, 1998.

Figure 6 (top) shows a map with the great circle propagation path from the event location
reported in the REB to the ARCES array center element. Figure 6 (bottom) shows part of
the bathymetric/topographic data for the first 50 km of the path from the source to the re-
ceiver. The bathymetry gives a water depth of 130 m in the vicinity of the source, al-
though the water depth varies from between 50 to 300 m along the path. Also, Figure 6
shows that the event was only within about 13 to 15 km of the land of the offshore is-
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lands, which 1s less than the REB epicenter error ellipse long axis of about 21 km. How-
ever, as we will show below, the spectral/cepstral characteristics of the signal are consis-

tent with a water depth of 130 m.
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Figure 6. (Top) Great circle path from the PIDC location of the Tromso event to the
ARCES array. (Bottom) Bathymetric and topographic cross section from
source to receiver showing water depth in the region is about 130 m.

2.2.2 Spectral and Cepstral Analysis

For the analysis of this event, we chose to focus primarily on the waveforms from the
ARCES array, which was closest to the event and had the best signal-to-noise ratios of all

the stations that recorded it.

Figure 7(a) shows a bandpass filter analysis of the ARCES waveforms, with frequency

bands from 0.5 to 2.5 Hz up to 10 to 16 Hz. The signal-to-noise ratio is quite high

14



through the entire spectral band. The Pg and Lg phases are notably large throughout the
band from 2 to 7 Hz and the first arrival Pn is emergent. Pn/Lg ratios are generally less
than 1, except at frequencies above 8 Hz, indicating significant shear-wave excitation.
Baumgardt and Der (1998) showed that, under certain circumstances, the Pn/Lg or Pg/Lg
ratio might discriminate earthquakes and explosions for screening purposes. However, it

1s doubtful that a Pn/Lg or Pg/Lg ratios would confidently screen this event out as an

earthquake.
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Figure 7. (a) Bandpass filtered waveforms of the ARAO channel of the ARCES ar-
ray from the November 25, 1998 event near Tromso. (b) Array stacked
spectra of the phases recorded at ARCES.

Figure 7(b) shows the array-averaged spectra for the different phases and background
noise. The spectra are computed on each individual ARCES vertical-component channel
by windowing the phases, starting at the time picks shown in Figure 7(a), for 20 seconds
and applying a Parzen window. The spectra for each channel are then averaged across the

array, which produces much smoother spectra than the individual channel spectra.

These figures show spectral modulations or “scalloping” in all phases with a strong spec-

tral peak at about 3 Hz. None of these features appears in the noise. Spectra of this kind
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have been shown to be caused by source multiplicity, either due to ripple fire in mine
blasts (Baumgardt and Ziegler, 1988) or by water column reverberations and bubble
pulses in underwater explosions (Baumgardt and Der, 1998). Since the event occurs off

the coast, it is likely to be an underwater explosion, as can be shown by cepstral analysis.

The spectra in Figure 7(b) clearly have a frequency-dependent trend due to the combined
effect of the instrument response, the source spectral trend, and the effects of the propaga-
tion path, Whitening the spectra would remove the trends due to these effects and en-
hance the effect of the spectral modulations in the cepstum. We have performed a number
of experiments with whitening the spectra for this purpose. In our earlier research
(Baumgardt and Ziegler, 1988; Baumgardt and Der, 1998), we would first remove the in-
strument response, fit a polynomial function to the residual trend, and then remove the
polynomial trend. However, deconvolving the instrument response sometimes causes a
blowup in the spectrum at low frequencies that can cause unwanted processing artifacts in
the cepstra. In our current study, we have chosen to only fit the polynomial trend and re-
move it, skipping the step of removing the instrument response, and have found that this
procedure produces reasonably stable cepstra without the low-frequency blowup problem.

This was discussed in more detail in our earlier report (Baumgardt, 1999).
The expression for the cepstrum can be written as follows:
RCEP{x(1)} = FFT {log,, ABS x(/)]} (2.9)

where FFT stands for “fast fourler transform” and ABS/x] refers to the whitened ampli-
tude spectrum. This expression is similar to expression (2.8) in the previous section for
the theoretical cepstra except that the spectra have been whitened by removing the poly-
nomial trend prior to taking the second FFT. In the case of theoretical cepstra, no whiten-

ing is applied to the spectrum, other than the log)o, before taking the second FFT.

For the regional arrays, cepstra can be computed for each of the phases and then averaged
across the array channels. This averaging accentuates the peaks and troughs in the cepstra

caused by real source effects, since they show up on each channel, and diminish those due
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